In Canada, new forestry practices involving the natural dynamics of tree growth and regeneration are proposed for integrating forest management with biodiversity. In particular, the current spruce budworm [Choristoneura fumiferana (Clemens)] outbreak in northeastern North America is forcing natural resource managers to clarify the potential interactions between natural disturbances and commercial thinning. The aim of this study was to investigate if the spruce budworm outbreak of the 1970s affected the responses of black spruce [Picea mariana (Mill.) B.S.P.] to a subsequent thinning. Stem growth was reconstructed by measuring and cross-dating chronologies of tree-ring width of 1290 adult trees from 34 control and thinned stands within an area of 11,000 km 2 in the boreal forest of the Saguenay-Lac-Saint-Jean region (QC, Canada). The treatment consisted of a low thinning performed during 1995-1999 that removed 25-35% of the basal area. Segmented models were applied to the tree-ring chronologies to define the growth pattern during the outbreak and thinning periods within a time window of 8 years, representing the average duration of the effects of defoliation on growth. Trees showed abrupt growth decreases during the outbreak, with the tree-ring index showing minimum values in [1977] [1978] [1979] . The tree-ring index had a flat trend before thinning, while it increased for 6-10 years after thinning. The growth pattern during the outbreak period was characterized by a reduction, mainly in trees with larger tree rings, while slow-growing trees showed less sensitivity to the disturbance. Thinning produced a significant increase in tree growth. No relationship was found between the effects of spruce budworm outbreaks in trees and the changes in growth pattern after thinning. If the timespan between the two disturbances exceeds 7 years, partial cutting can be applied independently of the growth reductions that had occurred during the outbreak. When applied in black spruce stands with high annual radial growth, thinning is expected to optimize the volume growth of the residual trees.
INTRODUCTION
In North America, the cyclical stand renewal of several boreal species is closely related to two main disturbances: fire and insect outbreaks, the latter frequently being more important than the former (Gauthier et al., 2009) . The larvae of spruce budworm [Choristoneura fumiferana (Clemens)], a native defoliator, feed on young and, more rarely, old needles consuming the photosynthetic tissues in spring and early summer (Gauthier et al., 2009) . During outbreaks, the repeated defoliations dramatically deplete the reserves of trees, causing growth reductions and mortality of single trees or whole stands in a few years (Bouchard and Pothier, 2010 (Gauthier et al., 2009; Tremblay et al., 2011) . Because of its wide transcontinental distribution across the boreal forest of North America, black spruce is a keystone species of huge ecological and economic importance. Thus, all effects of natural disturbances on its growth can be spread over vast areas and have relevant consequences for the forest industry in northern regions.
The population of spruce budworm oscillates consistently over time, generating recurrent outbreaks (Montoro Girona et al., 2018) . Jardon et al. (2003) demonstrated that the population increases in density at sub-continental scale every 25-38 years. The last outbreak occurred during 1970-1985 affecting a huge area with mature stands (Gauthier et al., 2009 ). The population of spruce budworm is now once again intensely rising. Within 4 years, the current outbreak has affected more than 4.2 M ha in Quebec (MFFP, 2017) .
In Canada, the recent ecosystem-based management is attempting to modify conventional forestry with new practices closely adapted to the various regional differences and lower environmental impacts. This approach to silviculture is mainly based on the best available ecological knowledge to establish the most suitable harvesting strategies and targets (Gauthier et al., 2009) . The application of these practices aims as far as possible to integrate management with biodiversity and the natural dynamics of growth and regeneration of the forest (Haeussler and Kneeshaw, 2003) . For example, a number of partial cuttings have been developed to stimulate the growth of residual trees and advance their harvesting by simulating the forest gaps produced by the mortality following a spruce budworm attack (Zhang et al., 2006; Gauthier et al., 2009; Montoro Girona et al., 2016; Lemay et al., 2018) .
Thinning is frequently used in even-aged stands of the boreal forest (Park and Wilson, 2007; Pelletier and Pitt, 2008) . In ecosystems dominated by black spruce, canopy opening allows trees to receive more light for accomplishing their photosynthetic processes, warms up the soil, and increases plant nutrition by reactivating the cycling of nutrients accumulated in the thick organic layers (Pothier and Prevost, 2002; Vincent et al., 2009) . However, because of the superficial distribution of the root system in black spruce, thinning could make stands more susceptible to wind, thus increasing the risk of windthrow (Cremer et al., 1982; Ruel et al., 2003; Gardiner et al., 2008) . This expensive practice is worthwhile only if the reduction in stand density and competition allows the growth in diameter of the remaining trees to be substantially stimulated (Nyland, 2002; Vincent et al., 2009) . Although encouraging results have been demonstrated for black spruce production (Vincent et al., 2009; Soucy et al., 2012; Pamerleau-Couture et al., 2015; Montoro Girona et al., 2017) , some questions on the long-term effects of thinning on stand resistance and resilience remain unanswered (Gauthier et al., 2009; Bauce and Fuentealba, 2013) . In particular, the current spruce budworm outbreak occurring in Eastern Canada is forcing forest scientists to urgently clarify the interactions between natural disturbances and silvicultural practices. The aim of this study was to investigate if the spruce budworm outbreak of the 1970s affected the responses of black spruce to a subsequent thinning realized in 1990s. To attain this objective, we reconstructed the stem growth by measuring and cross-dating tree-ring width in trees from 34 control and thinned stands.
MATERIALS AND METHODS

Study Area
The study was conducted within an area of 1,1 M ha in the coniferous boreal forest of the Saguenay-Lac-Saint-Jean region (QC, Canada) belonging to the black spruce-feather moss domain. The region has a gently rolling topography with hills reaching 700 m a.s.l. on thick and undifferentiated glacial till deposits. The climate is boreal with cold winters and cool summers. The mean monthly temperatures can reach 17 • C during July, but drop as far as −20 • C in January. The mean annual temperature is approximately 2 • C, with a May-September temperature of 13 • C, and May-September rainfall of 401 mm. Winters are long, with daily mean temperatures around or below zero for a period of 180 days or more .
Stand Selection and Experimental Design
Thirty-four mature stands were selected (Figure 1) . The stands, of fire origin, were even-aged and had a comparable species composition strongly dominated by black spruce, in association Table  S1 ). The thinning removed 25-35% of the stand basal area and was performed from extraction trails opened to establish an access network to the stands (Tremblay and Laflèche, 2012) .
Data Collection
In each stand, 20-84 dominant or co-dominant trees were selected (Supplementary Table S1 ). The large variability in the number of sampled trees was due to a preliminary analysis to assess the more suitable sample size, which was estimated to 35 trees (Vincent et al., 2009) . In some cases, chronologies could not be cross-dated, which reduced the sample size to a value lower than 35. The trees had a height of between 9 and 18 m and a diameter at breast height (DBH) up to 20 cm. The decayed inner part of several trees prevented an exact evaluation of their age. On average, the minimal age of the trees was estimated to range between 56 and 126 years.
One increment core was collected with a Pressler borer 30 cm above the root collar of each tree and processed according to the standard methods in dendrochronology (Stokes and Smiley, 1968) . The cores were collected close to the root collar to precisely estimate tree age and deepen as much as possible the tree-ring series. The samples were prepared according to the standard method in dendrochronology (Tremblay et al., 2011) , and measured to the nearest 0.01 mm using either WinDENDRO (Regent Instruments Inc., Canada) or a manual Henson micrometer (LINTAB TM , Rinntech, Heidelberg, Germany). The ring-width series were corrected by visual cross-dating that was confirmed using the COFECHA computer program (Holmes, 1983) . Each time series was standardized by applying a spline of 60 years to remove the long-term fluctuation. Autocorrelation in the data was not removed as the cumulative effect of defoliation was considered important for the analysis.
Identification of the Growth Patterns
A segmented model was applied to the tree-ring chronologies to define the growth pattern during the outbreak and thinning periods. The model E(x) consisted of two linear segments according to the following system:
Where x represents the time axis, a, b, c, and d are the coefficients of the model, and X is the reference year for the outbreak [1978 [ (Krause et al., 2012 ] or thinning (reported in Table 1) . A condition was imposed that the two segments of the model were connected at their extremity in X:
Thus, the coefficients were related to the following relationship: The growth patterns tested by GLM and binary logit models are represented by the slope of the regression calculated for the four years after thinning and by the proportion of convex growth calculated for four years before and four years after thinning, respectively.
The model was fitted to each tree-ring series and for the period of outbreak and thinning using the NLIN procedure in SAS 9.4 (SAS Institute Inc., Cary, NC, United States). A time window of 8 years (four before and four after outbreak or thinning) was used for the fitting, which was considered to represent the average duration of the effects of the outbreak on black spruce growth (Tremblay et al., 2011) . The model for the outbreak period was fitted on standardized data after removing the long-term fluctuations assessed using a spline of 60 years. FIGURE 2 | Example of the segmented models used for identifying convex and concave growth patterns in tree-ring index during outbreak and thinning.
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Statistical Analyses
The trees were separated in two groups (slow-and fastgrowing) of similar size according to their growth rates calculated as the average tree-ring width measured during the 6 years preceding the outbreak (1965) (1966) (1967) (1968) (1969) (1970) . The two resulting groups represented the trees with a growth rate lower and higher than the median, respectively. The effect of the growth pattern during the outbreak and growth rate on the slope of the regressions after thinning were assessed with a Generalized Linear Model (GLM). In addition, the binary responses to thinning, represented by the concave or convex growth patterns, were compared with the growth pattern during the outbreak and between the two growth rates using a binary logit model in SAS 9.4 (SAS Institute Inc., Cary, NC, United States).
RESULTS
Tree-Ring Chronologies
Both slow-and fast-growing trees showed an abrupt decrease in tree-ring width during the period of spruce budworm outbreak (Figure 3) . The tree-ring index dropped dramatically in 1976, with the minimum values observed in [1977] [1978] [1979] . After that period, growth remained low for 2-3 years in slow-growing trees.
A gradual recovery was observed in fast-growing trees. Control and thinned stands exhibited the same growth patterns, and seemed to respond similarly to the outbreak. During the 10 years before thinning, the tree-ring index had a flat trend, except for the fast-growing trees of control stands, which showed a more irregular pattern (Figure 4) . Gradual increases in tree-ring width followed by a plateau were observed for 6-10 years after thinning. However, fast-growing trees of control stands increased their growth only 7 years after thinning.
Regression Slopes
The segmented models analyzed specifically the growth patterns occurring during the period close to the outbreak and thinning events and only in part reflected the results observed in the chronologies, which covered the average tree-ring width over a wider time window. Before 1978, i.e., the selected outbreak year, regressions had a decreasing pattern, showed by the negative values of their slopes, −0.8 × 10 −2 and −9.4 × 10 −2 on average for slow-and fast-growing trees, respectively (Figure 5) . After the outbreak, regressions exhibited both negative and positive patterns except for slow-growing trees, which still had negative trends. Control and thinned stands showed similar growth patterns. Control and thinned stands had similar slopes before thinning, with values close to or below zero. After thinning, significant differences in slope were detected between treatments, with thinned stands having more positive regressions and slopes with higher absolute values than control stands ( Table 1) . A greater dispersion in the slope of the regressions occurred in fast-growing than in slow-growing trees, as also detected by significant results of GLM. No effect of the growth pattern occurring during the spruce budworm outbreak was observed in the slope of the regression after thinning (GLM, p > 0.05).
The proportion of negative and positive slopes of the regressions confirmed the previous results but clarified the main trends of the growth patterns (Figure 6 ). Both before and after the outbreak, negative slopes were more frequent than positive ones except for fast-growing trees after the outbreak. Negative slopes were observed before thinning, but greater proportions of positive slopes occurred afterward. Thinned stands had a higher percentage of positive slopes than control stands, but this difference was more marked for fast-growing trees.
Growth Patterns
The growth pattern during the outbreak period was markedly convex in fast-growing trees (75 and 80% in thinned and control stands, respectively), while the slow-growing trees in control stands exhibited 67% of concave growth patterns (Figure 7) . Convex growth patterns were observed during thinning in both control and thinned stands, although the proportion of convex growth patterns significantly increased in both slowand fast-growing trees of thinned stands (GLM, p < 0.0001, Table 1 ). No significant difference was observed between slowand fast-growing trees (GLM, p > 0.05). Similarly, GLM detected no effect of the growth patterns occurring during the spruce budworm outbreak on the concavity during thinning (GLM, p > 0.05). 
DISCUSSION
Thinning and Spruce Budworm Outbreak
Development and implementation of management strategies based on natural forest dynamics require the understanding of the ecosystem processes and their interactions with human activities (Gauthier et al., 2009 ). The effects of spruce budworm outbreak on stand dynamics in relationship with commercial thinning were previously approached by focussing on forest practices for reducing the damage produced by a successive outbreak of defoliators (Fuentealba and Bauce, 2012; Bauce and Fuentealba, 2013) . A spruce budworm outbreak is currently producing dramatic growth reductions in trees that could also result in a diffuse mortality in several forested regions Frontiers in Plant Science | www.frontiersin.org of northeastern North-America (Bouchard and Pothier, 2010) . Such a mortality could also affect composition and structure of the forest stands on wide landscape scale. There is thus an urgent need to assess how the surviving stands respond to the silvicultural practices applied during the successive endemic period. In order to do this and for the first time to our knowledge, this study investigated the influence of a spruce budworm outbreak on the growth of trees submitted to a thinning treatment. Our analysis used tree-ring chronologies from 34 black spruce stands in the boreal forest of Quebec, Canada. The results indicated that the effect of thinning on tree-ring width of black spruce was independent of the growth reduction that trees had experienced during the outbreak. On the other hand, the growth rate of individual trees measured before the last spruce budworm outbreak was linked to the reduction in growth during the defoliation period, as well as the growth recovery following commercial thinning. Our findings detected less sensitivity to the disturbance in terms of tree-ring width reduction of slow-growing trees. This meta-analysis used data from a number of sites from a wide forest region, involving an important diversity in terms of stand density, composition, soil, and severity of defoliation. Consequently, we attempted to extract the general and common information contained in the growth time series despite the variability expected from such a heterogeneous dataset.
The timings of the treatment could explain the lack of interaction between outbreak and thinning. The treatment was performed between 1995 and 1999, 17-21 years after 1978, the reference date estimated by our chronologies as the peak of the outbreak period. Defoliated trees need some years to recover and we assume that a complete recovery is attained when individuals reach a growth rate similar to that exhibited before the outbreak (Morin, 1998) . On average, our measurements estimated that a sustained growth was attained after 2-7 years, long before the thinning was done. During an outbreak, the root system is strongly affected, with abrupt growth reductions, absence of root growth, and mortality (Krause and Morin, 1995, 1999) . The development of adventive roots is often observed to increase the efficiency of water uptake (Krause, 2006) . Similarly, the photosynthetic needle biomass returns to a higher level and photosynthesis rate increases (Piene and MacLean, 1999) . The allocation of carbohydrates to the cambium allows tree-rings to be formed as large as before the defoliation period or even larger (Pothier et al., 2005) .
Growth Reductions During Spruce Budworm Outbreak
Despite the marked growth reduction in the tree-ring chronologies during the outbreak, the growth response to the outbreak was not homogeneous among trees, as observed previously (Montoro Girona et al., 2017) . Although most trees showed a clear contraction in growth, in some individuals the reduction in tree-ring width was marginal or lacking, confirming the literature (Vincent et al., 2009; Krause et al., 2012) . Black spruce can be subjected to defoliation, but it is not the main host species of spruce budworm (Tremblay et al., 2011) . It is likely that the different timings of larval emergence and bud break of black spruce prevent a continuous feeding by spruce budworm during the endemic periods and in part reduce the severity of the attacks during the outbreak (Hennigar et al., 2008; Colford-Gilks et al., 2012) . Fuentealba and Bauce (2012) found a slower larval development on black spruce compared to the main host tree species. Black spruce is also known to develop smaller leaf biomass than the main host balsam fir (Nealis and Régnière, 2004) . Pothier et al. (2012) observed that the growth reductions following moderate to severe defoliations were produced earlier in balsam fir than in black spruce. Moreover, the trees analyzed in this study were obviously only those that survived the outbreak, and which probably suffered less damage or better tolerated the effects of defoliation. The well-known capacity of adaptation and tolerance of black spruce to natural perturbations is also demonstrated by the low mortality after a spruce budworm outbreak (Colford-Gilks et al., 2012) . This capacity of adaptation, in addition to the heterogeneous severity of the defoliation across stands could to some extent explain the variability observed in the growth reductions among trees.
The age of the trees plays an important role in the sensitivity of the stand to defoliation by spruce budworm, with mortality following spruce budworm outbreak increasing with stand age. Young individuals exhibit higher resistance than older trees to the damage caused by severe defoliations (Rossi et al., 2009a) , because of their fast metabolism and greater capacity for enhancing photosynthesis (Boege, 2005; Mencuccini et al., 2005) . According to our estimates, when the outbreak occurred in the studied sites, trees were between 30 and 40 years old, with the exception of two stands. This is only a minimum age calculated on complete cores. However, black spruce regenerates after fire within a few years, creating even-aged stands (Rossi et al., 2013) . As a consequence, it is likely that trees in the same stand have the same or a similar age, thus, our estimate could be considered to approximate the real stand age.
Growth Response to Thinning
Commercial thinning represent a practice alternative to the other traditional loggings with a lower impact on soil and canopy and are proposed as a suitable solution for maintain a heterogeneous pattern within and among stands (Gauthier et al., 2009 ). The effect of thinning on tree-ring width was expected, as previous studies have demonstrated the positive influence of the reduction in stand density and competition in improving black spruce growth (Soucy et al., 2012; Pamerleau-Couture et al., 2015; Lemay et al., 2017) . Individuals with thinner tree-rings (called slowgrowing trees), had a smaller and more homogeneous response to the treatment in terms of growth rate than trees with higher annual radial growth (fast-growing). Vincent et al. (2009) found that the response to thinning was related to stem diameter as well as competition, with smaller individuals having the highest growth increments after treatment. This was explained by the fact that small or suppressed individuals were more advantaged by the reduction in competition than dominant trees. However, Vincent et al. (2009) calculated a partial R 2 of 0.042 for stem diameter, which was then supposed to affect only a minimal fraction of the growth response in trees. Thus, other, more specific approaches were proposed to disentangle and take into account the individual responses in growth within a stand (Montoro Girona et al., 2017) .
The diameter was not related to the growth response after thinning in our analysis. On the other hand, growth rate did not correspond exactly to tree size. Growth rate changes with tree age: the classical growth trend is characterized by larger ring width close to the pith followed by a decrease in radial growth with age. This pattern is often not respected in forests with periodic spruce budworm outbreaks (Morin, 1998) . The forest opening caused by tree mortality leads to gaps in the natural forest and the radial growth pattern can vary greatly between individuals (Rossi et al., 2009b; Montoro Girona et al., 2017) . As spruce budworm has a cyclic recurrence every 30-35 years, it is possible that the defoliation periods in the 1950s had already determined a separation of trees into the two growth classes (slow-and fast-growing). Overall, the growth rate in black spruce before a thinning event seems to be closely connected to the successive growth release of trees. The problem of the individual variability and homogeneity in growth within the stands still remain partially unknown and require further and deeper investigations (Pamerleau-Couture et al., 2015; Montoro Girona et al., 2017) .
CONCLUSION
In this study, we measured and cross-dated tree-ring width in black spruce stands to answer the question if the spruce budworm outbreak of the 1970s affected the growth responses to the commercial thinning realized in 1990s. No relationship was found between spruce budworm outbreaks and changes in growth pattern after commercial thinning. If the timespan between the two disturbances is sufficient, more than 7 years, partial cutting can be applied without affecting the success of the growth release. However, the growth release after thinning seems to be related to the growth rate of trees, with the higher increases being concentrated in fast-growing individuals. Based on the results of this study, strategies of forest management should select black spruce stands with relatively high annual radial growth for thinning in order to optimize the volume growth of the residual trees.
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